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Abstract
The thymus is critical for mounting an effective immune response and maintaining health. 
However, epidemiologic studies characterizing thymic function in the population setting are 
lacking. Using data from 263 adults in the Detroit Neighborhood Health Study, we examined 
thymic function as measured by the number of signal joint T-cell receptor excision circles 
(sjTREC) and assessed associations with established indicators of physiological health. Overall, 
increasing age and male gender were significantly associated with reduced thymic function. 
Adjusting for covariates, individuals with elevated levels of the pro-inflammatory biomarkers C-
reactive protein (β: −0.50 [95% CI: −0.82, −0.18] for moderate elevation; β: −0.29 [95% CI: 
−0.59, 0.00] for high elevation) and interleukin-6 (β: −0.60 [95% CI: −0.92, −0.28] for moderate 
elevation; β: −0.43 [95% CI: −0.77, −0.08] for severe elevation) also had lower thymic function. 
Compared to individuals with a BMI <25, individuals who were overweight (β: 0.36 [95% CI: 
0.07, 0.64]) or obese (β: 0.27 [95% CI: −0.03, 0.56]) had higher thymic function. Differences by 
self-rated health were not statistically significant. Our findings underscore demographic- and 
health-related gradients in thymic function among adult residents of Detroit, suggesting thymic 
function may be an important biomarker of health status in adults at the population level.
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Introduction
Thymic function has recently emerged as a significant predictor of mortality in adults 
independent of other immunological markers, suggesting that thymic function may influence 
overall health outcomes (Ferrando-Martinez et al. 2013). The thymus is a specialized organ 
that plays a vital role in the maturation of T cells, which are critical for mounting an 
effective immune response in humans. Thymic involution, or the shrinking of the thymus 
with age, is one of the most prominent and ubiquitous changes in immune function over the 
life course (Palmer 2013). Until recently, it was generally accepted that the process of 
thymic involution was completed and that the thymus ceased to function by early adulthood. 
Although a reduction in naïve T cells derived from the thymus does occur more rapidly in 
early life, it is now established that the thymus continues to play a prominent role in the 
supply of naïve T cells throughout adulthood, including in old age (Poulin et al. 1999, 
Douek et al. 1998).
While thymic atrophy is likely to have few immediate health consequences for young 
individuals with an otherwise healthy immune system, reduced thymic output of naïve T 
cells in older adults is likely to compound other immune system declines. Indeed, reduced 
thymic function has been linked to increased susceptibility to infection, autoimmune disease, 
and cancer (Lynch et al. 2009). Among individuals infected with HIV, a higher level of 
thymic function is known to contribute to immune reconstitution and associated health 
improvements following initiation of antiretroviral therapy (Douek and Koup 2000, Douek 
et al. 1998, Harris et al. 2005, Kolte 2013, Ye, Kirschner, and Kourtis 2004).
Despite the growing evidence supporting an important role of adult thymic function to health 
outcomes, relatively little is known about the distribution of thymic function at the 
population level as there are no epidemiological studies, of which we are aware, that have 
characterized thymic function in the population setting. Using data drawn from a population-
based sample of adults living in Detroit, we examined the distribution of thymic function 
and assessed associations with established markers of physiological health, including the 
pro-inflammatory biomarkers C-reactive protein (CRP) and interleukin-6 (IL-6), body mass 
index (BMI), and self-rated health status. We measured thymic function as the number of 
signal joint T-cell receptor excision circles (sjTREC), nonreplicated extrachromosomal DNA 
by-products of TCR gene rearrangements that are present in recently produced T cells 
(Lynch and Sempowski 2013, Douek et al. 1998). Although sjTREC do not directly 
contribute to the immune response, they serve as a key indicator of the supply of recent 
thymic emigrants and have been widely shown to decline significantly with age (Douek et 
al. 1998, Hazenberg et al. 2003, Lynch and Sempowski 2013, Mitchell, Lang, and Aspinall 
2010). Thus, sjTREC represent one of the most established biomarkers of thymic function 
currently available in human populations. Another important advantage of sjTREC 
Feinstein et al. Page 2
Biodemography Soc Biol. Author manuscript; available in PMC 2017 January 01.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
quantification for assessing thymic function in larger population-based samples such as ours 
is that, unlike flow cytometry for immunophenotyping, sjTREC quantification does not 
require viable cells and is thus well-suited for assessing thymic function in appropriately 
stored blood samples.
Methods
Study population
We used data from the Detroit Neighborhood Health Study (DNHS), a longitudinal study of 
predominantly African American adults aged 18 years or older living in Detroit, Michigan 
with a total of five annual surveys conducted between 2008 and 2013. DNHS participants 
were selected via a two-stage area probability sample of households within the Detroit city 
limits. For each household, one adult was randomly selected to participate in a 40-minute 
telephone survey with questions on participants’ sociodemographics, neighborhood 
characteristics, physical and mental health, social support, exposure to stressful events, and 
substance use behaviors. The survey instruments included reliable scales that have been 
validated or used in comparable research in the past, and the survey was pilot tested before 
each study wave (Horesh et al. 2014, Goldmann et al. 2011, Uddin et al. 2010). Surveys 
were conducted via computer-assisted telephone interviewing (CATI).
In Wave 1 (2008-2009), 1547 adult participants were recruited from the Detroit population 
to participate in the telephone survey. Detailed information on the sampling frame, 
recruitment procedures, and sample characteristics have been published previously (Uddin et 
al. 2010). Wave 1 participants were re-contacted in Wave 2 (2009-2010) for a follow-up 
interview. To increase sample size, a supplemental sample of 534 new participants was 
drawn via the same sampling technique used in Wave 1, providing a total of 2081 
participants who have ever completed a survey. After Wave 2, no new participants were 
added, but all existing participants were re-contacted each year to participate. In addition to 
the telephone survey, participants had the option to also contribute a venous blood sample at 
their home. All participants who provided an initial blood sample (n=775) and again 
provided a blood sample in Wave 4 (2011-2012) of the study (n=317) —when thymic 
function was assessed—were eligible for inclusion in the analysis. Individuals whose 
samples yielded insufficient DNA to quantify thymic function and those without 
inflammatory marker test results were excluded from the analysis, resulting in a final sample 
size of 263 individuals. At the baseline survey, the 263 individuals who were included in the 
analysis sub-sample were slightly older than the full 2081 sample (median age 58 versus 53 
years), and slightly less likely to be non-Hispanic Black/African American (80% versus 
85%). Other socio-demographic characteristics, including gender and educational 
attainment, were similar between the full and subsamples.
Ethics Approval
All participants provided informed consent for participation and the study was approved by 
the University of Michigan Institutional Review Board and the University of North Carolina 
Institutional Review Board.
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Measures
Thymic function quantification—Participant DNA were extracted from venous whole 
blood samples, frozen and stored at −70 C°, and shipped on dry ice to the Laboratory of 
Immunovirology at the University of Seville, Spain for thymic function quantification. 
Thymic function was measured by the number of signal joint T-cell receptor excision circles 
(sjTREC) per million whole blood cells. Molecular sjTREC were analyzed in genomic DNA 
in a two-round quantitative PCR (qPCR) protocol as previously described (Ferrando-
Martinez et al. 2010, Ferrando-Martinez et al. 2013). Briefly, after a first round PCR [5 min 
at 95 °C, 21 amplification cycles (95 °C for 20 s; 57 °C for 45 s; 72 °C for 30 s), 5 min at 
72°C], amplicons were amplified in a second PCR round using a LightCycler® 480 system 
(Roche, Manheim, Germany). For the qPCR, six microliters of a 1/10 mixed dilution of the 
first round PCR was amplified in a 20 μL final volume using Forster Resonance Energy 
Transfer (FRET) specific probes previously described (Franco et al. 2002). sjTREC 
abundance was normalized to cell number by amplification of β-globin with the GH20 and 
PC04 primers (Bauer et al. 1991). Standard curves were generated as previously described 
(Ferrando-Martinez et al. 2010) and run together with the samples in each experiment. In 
statistical analyses, sjTREC quantification was treated as a continuous outcome and natural 
log-transformed to approximate a normal distribution.
Ascertainment of physiological health—Four measures of physiological health were 
assessed, including serum levels of the pro-inflammatory biomarkers C-reactive protein 
(CRP) and interleukin-6 (IL-6), body mass index (BMI), and self-rated health status. CRP 
and IL-6 were assessed in Waves 1 and 2 of DNHS; the present analysis uses the most 
recently measured value. CRP concentration was measured in serum using the CRPUltra 
Wide Range Reagent Kit (Genzyme, USA) and following the manufacturer's recommended 
protocols. CRP values were categorized into three groups based on established clinical cut 
points for heart disease risk: <1, 1-3, and >3 mg/L (MedlinePlus [Internet]). IL-6 
concentration was measured using the QuantiGlo Human IL-6 sandwich enzyme 
immunoassay kit (R&D Systems, USA) and following the manufacturer's recommended 
protocol. As there are no established clinical cut points for IL-6, IL-6 levels were 
categorized based on the study population distribution with cut points at the lower and upper 
quartile: <1.5, 1.5-4.3, and >4.3 pg/mL. CRP and IL-6 values that fell below the limit of 
detection (0.05 for CRP and 0.50 for IL-6) were assigned values of 0.025 and 0.25, 
respectively, as done in prior studies (Simanek et al. 2014). BMI was assessed in 
participants’ home at the time of the Wave 4 blood draw and was categorized base on 
established clinical cut-points: <18.5 (underweight), 18.5 to <25 (normal or healthy weight), 
25 to <30 (overweight), or ≥30 (obese) (Sipahi et al. 2014). The lowest two categories were 
collapsed because only 7 individuals had a BMI <18.5. Self-rated health was assessed during 
the Wave 4 telephone interview and categorized as: excellent, very good or good, and fair or 
poor.
Assessment of covariates—Potential confounding factors of the associations between 
the four markers of physiological health and thymic function were assessed via a directed 
acyclic graph (Greenland, Pearl, and Robins 1999) and included the variables age, gender, 
race/ethnicity, socio-economic status, and cigarette smoking status for all exposure-outcome 
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associations. Additional potential confounding variables differed for each exposure-outcome 
association: BMI and acute illness were additionally considered as potential confounders of 
the association between self-rated health and thymic function; BMI, acute illness, and self-
rated health were additionally considered as potential confounders of the association 
between IL-6 and thymic function; and BMI, acute illness, self-rated health, and IL-6 were 
additionally considered as potential confounders of the association between CRP and thymic 
function. All covariates other than BMI and IL-6 were evaluated in the Wave 4 telephone 
interview. Age was modeled continuously in years and gender was assessed dichotomously 
as female or male. Race/ethnicity was assessed in the survey as Asian, Black or African 
American, American Indian or Alaskan Native, Native Hawaiian or Other Pacific Islander, 
White, Hispanic, or other; to increase precision, we dichotomized race/ethnicity in the 
present analysis as non-Hispanic Black/African American or other. Socio-economic status 
was operationalized as educational attainment, which was dichotomized as less than or equal 
to a high school education or more than a high school education. Cigarette smoking status 
was categorized as current, former, or never. Individuals were considered acutely ill if they 
reported experiencing any of the following eight conditions in the prior 60 days: flu, cold, 
pneumonia, vomiting, diarrhea, runny nose, cough, or sore throat.
Statistical analysis
Statistical analyses were conducted in SAS 9.4 (SAS Institute, Inc., Cary, North Carolina). 
To make inference to the Detroit population, data were weighted to account for the survey 
design and to balance the sub-sample to the city of Detroit. Control totals were constructed 
from the 2008-2010 American Community Survey (ACS) Public Use Microdata Sample 
(PUMS) for the following eight variables: age, gender, education, marital status, household 
size, tenure status (i.e., own residence or rent), race/ethnicity, and type of telephone survey 
(e.g., cell phone only or unlisted landline). Sample balancing was implemented using the 
IHB raking macro in SAS and the final raked weights were trimmed using the Individual and 
Global Cap Value (IGCV) method (Izrael, Hoaglin, and Battaglia 2000, Izrael, Battaglia, and 
Frankel 2009).
Demographics and clinical characteristics of the study population were evaluated using 
standard descriptive statistics, including medians and interquartile ranges (IQRs) for 
continuous variables and counts and proportions for categorical variables. We evaluated 
gender differences in thymic function by comparing age-specific and age-adjusted means 
between females and males. Next, we separately estimated the associations between the four 
measures of physiological health and thymic function using OLS linear regression. Three 
models were assessed: the first model adjusted only for age and the second model 
additionally adjusted for gender and race/ethnicity. The covariates included in the third 
model varied by exposure: the third model for BMI additionally adjusted for education and 
smoking status; the third model for self-rated health additionally adjusted for education, 
smoking status, acute illness, and BMI; the third model for CRP additionally adjusted for 
education, smoking status, acute illness, self-rated health, BMI, and IL-6; and the third 
model for IL-6 additionally adjusted for education, smoking status, acute illness, self-rated 
health, and BMI. We conducted a complete case analysis, excluding observations with 
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missing values for covariates (2% in the full model). All tests of statistical significance were 
2-sided and the threshold for statistical significance was P < 0.05.
Results
The weighted distributions of participants’ sociodemographic and biomedical characteristics 
are shown in Table 1. Participants were a median of 48 years of age (IQR: 38-62); 
approximately half (49%) were female and the majority (88%) reported their race/ethnicity 
as Black or African American. Approximately half of the participants (53%) had at most a 
high school education and 33% reported that they currently smoked cigarettes. Participants 
had a median BMI of 29 (IQR: 26-36), a median CRP level of 2.1 (0.5-5.1), and a median 
IL-6 level of 2.7 (1.4-4.4). 38% reported their health status as fair or poor.
We observed a statistically significant (p<0.0001) decline in thymic function with age, with 
each one year increase in age associated with a −0.039 [95% CI: −0.045, −0.034] log-unit 
decrease in sjTREC per million whole blood cells. Figure 1 shows the mean number of 
sjTREC per million whole blood cells stratified by age group; the mean number of sjTREC 
was 15,842 in individuals 18-34 years of age, 10,605 in individuals 35-44 years of age, 
8,362 in individuals 45-54 years of age, 6,584 in individuals 55-64 years of age, and 3,447 in 
individuals 65 years of age and older. Overall, women had a statistically higher number of 
log-sjTREC than men adjusting for age (β: 0.33 [95% CI: 0.13, 0.54]). However, this 
difference did not hold across all age groups (see Figure 2).
The covariate-adjusted associations between the four markers of physiological health and 
thymic function are shown in Table 2. After adjusting for the full set of covariates, we 
observed that individuals who had moderately elevated levels of CRP (1-3 mg/L) had a 
−0.50 (95% CI: −0.82, −0.18) log-unit decrease in the number of sjTREC per million whole 
blood cells and individuals who had highly elevated levels of CRP (>3 mg/L) had a −0.29 
(95% CI: −0.59, 0.00) log-unit decrease in the number of sjTREC per million whole blood 
cells compared to individuals with CRP levels in the normal range (<1 mg/L). Similar 
associations were observed for IL-6; individuals who had IL-6 levels that fell within the 
interquartile range (1.5-4.3 pg/mL) had a −0.60 (95% CI: −0.92, −0.28) log-unit decrease in 
the number of sjTREC per million whole blood cells and individuals who had IL-6 levels 
above the upper quartile range (>4.3 pg/mL) had a −0.43 (95% CI: −0.77, −0.08) log-unit 
decrease in the number of sjTREC per million whole blood cells compared to individuals 
with IL-6 levels below the lower quartile range (<1.5 pg/mL) after adjustment for potential 
confounders. A weaker and non-significant association was observed between self-rated 
health and thymic function in adjusted models. Individuals who reported their health status 
was very good or good (β: −0.27 [95% CI: −0.63, 0.09]) and individuals who reported their 
health status was fair or poor (β: −0.12 [95% CI: −0.54, 0.30]) had reduced thymic function 
compared to those who reported being in excellent health. Individuals who were overweight 
(BMI 25 to <30) or obese (BMI ≥30) appeared to have improved thymic function compared 
to individuals with a BMI <25, with regression coefficients of 0.36 (95% CI: 0.07, 0.64) and 
0.27 (95% CI: −0.03, 0.56), respectively. Regression coefficients for all models are shown in 
Supplementary Tables 1-4.
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Discussion
In the present study, we assessed the distribution of thymic function as measured by the 
number of sjTREC per million whole blood cells in a population-based sample of adults 
living in Detroit, MI. We found that increasing age and female gender were significantly 
associated with a reduction in thymic function. Moreover, our results suggested that several 
indicators of poor health status, including BMI and elevated levels of the pro-inflammatory 
biomarkers CRP and IL-6, are also significantly associated with reduced thymic function 
after controlling for potential confounding factors. Taken together, these findings provide 
strong evidence from a population-based study that thymic function is an important 
biomarker of health status in adults at the population level.
To the best of our knowledge, the present paper also provides the first age- and gender-
stratified estimates of thymic function from a population-based sample of adults, which 
could potentially be used as reference values in future studies or in the clinical setting. Our 
findings support the conclusion from prior smaller studies based on samples obtained from 
patients who had undergone cardiac surgery or suffered brain death, which showed that the 
thymus is indeed active in adults and continues to contribute to the pool of naïve T cells 
(Ferrando-Martinez et al. 2009, Jamieson et al. 1999). In a sample of 195 healthy Dutch 
volunteers, Zubakov et al. found that thymic function as measured by the number of sjTREC 
explained over 80% of the age variation and thus proposed sjTREC quantification as a 
potential molecular method for accurately estimating human chronological age in the 
forensic context (Zubakov et al. 2010).
We also observed that females had significantly higher thymic function than males, although 
the difference was not statistically significant across all age groups. Interestingly, we 
observed that women had lower thymic function than males among those 65 years of age 
and older. Although not statistically significant, it is possible that this reverse trend is 
attributable to a survivor bias whereby healthy males are overrepresented in the oldest age 
group. As prior studies have also demonstrated higher thymic function for women compared 
to men (Yoshida et al. 2014, Zubakov et al. 2010, Lorenzi et al. 2008) and gender differences 
have been demonstrated for other markers of immune status and decline (Barrett and 
Richardson 2011, Pennell, Galligan, and Fish 2012, Yan et al. 2010), future studies with 
larger sample sizes are warranted to further explore whether thymic function differs between 
men and women at the population level. Longitudinal studies may also untangle whether 
these potential differences are sustained across the life course.
Our findings that levels of the pro-inflammatory cytokines IL-6 and CRP are associated with 
poorer thymic function are consistent with prior studies in animals and humans that have 
identified these cytokines as thymosuppressive agents. Sempowski et al. observed that 
several members of the IL-6 cytokine gene family, including IL-6, acutely involute the 
thymus when injected into young, healthy mice and that IL-6 gene markers are also more 
prevalent in older human thymus tissue (Gruver and Sempowski 2008, Sempowski et al. 
2000). Moreover, using data obtained from a human cohort of atomic bomb survivors, 
Yoshida et al. found that higher CRP levels are associated with reduced thymic function 
(Yoshida et al. 2014). Proinflammatory cytokines thus appear to play a key role in thymic 
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involution associated with aging. However, as described in the methods section, thymic 
function and the proinflammatory biomarkers were assessed cross-sectionally in different 
study waves. It is therefore not possible to draw firm conclusions about the causal 
mechanisms underlying the statistical associations between thymic function and these 
biomarkers from the present study. These mechanisms are likely bi-directional to some 
degree and therefore the observed associations warrant further investigation in longitudinal 
studies. In addition, our results for the associations between proinflammatory cytokines and 
thymic function did not demonstrate a dose-response effect, with the strongest associations 
observed for those with moderately elevated levels of CRP and IL-6 as opposed to severely 
elevated levels. One factor that may have contributed to the lack of dose-response is acute 
illness in otherwise healthy individuals, which could have resulted in transient elevations in 
CRP and IL-6. We attempted to control for this by including an indicator for experiencing 
any of eight common acute health conditions (flu, cold, pneumonia, vomiting, diarrhea, 
runny nose, cough, or sore throat) in the prior 60 days, but it is possible that some 
individuals were experiencing transient increases due to other acute conditions not captured 
in our analysis. It is also important to note that we observed substantial overlap in the 
confidence intervals for the moderately and severely elevated groups, warranting further 
investigation into the shape of the dose response curve in future studies.
We also observed that individuals who were overweight (BMI 25-30) or obese (BMI ≥30) 
had improved thymic function compared to individuals with a BMI <25. Although 
counterintuitive given that obesity is known to produce elevated levels of CRP and IL-6 
(Eder et al. 2009, Visser et al. 1999), which we found were associated with reduced thymic 
function, these findings are consistent with studies that have identified leptin as a key 
thymostimulatory agent (Gruver and Sempowski 2008). Leptin is a hormone primarily 
secreted by adipocytes that contributes to the regulation of energy homeostasis by inhibiting 
hunger. Individuals who are overweight and obese have elevated levels of and a decreased 
sensitivity to the leptin hormone (Pan, Guo, and Su 2014, Yang and Barouch 2007), which 
could provide one explanation for the increased thymic function observed in these groups. 
Along these lines, it is possible that increased thymic function may not always be health 
protective and recent animal studies have shown that obesity may result in a cytokine storm 
in response to immunotherapy, suggesting an overreaction to immune stimulation caused by 
obesity (Mirsoian et al. 2014). A prior study conducted by Yoshida et al. examined the 
association between several obesity indicators and thymic function among atomic bomb 
survivors in Japan (Yoshida et al. 2014). While the authors did not find a statistically 
significant association between current BMI and thymic function, the authors did observe a 
statistically significant inverse association between BMI measured 40 years earlier and 
current thymic function as measured by the number of CD4 sjTRECs. Although this prior 
study is not directly comparable to ours given the older study population (youngest 
participant was 58 years of age) and very different distribution of BMI in the population 
(78% had a BMI less than or equal to 25), it does provide some evidence that early life 
obesity may actually accelerate thymic involution. Future studies should further tease out the 
mediating pathways by which obesity impacts thymic function to determine if there may be 
counteracting effects or sensitive periods across the life course that could be important for 
modulating health or response to infection.
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An important strength of our study is that our data came from a population-representative 
sample with a high representation of African Americans and individuals with a range of 
socioeconomic status. We were also able to examine thymic function across a wide age 
range that included both middle-aged and older adults. Although the present study represents 
one of the largest studies of thymic function conducted to date, we were nonetheless limited 
by a relatively small sample size, especially in the youngest age group, which may have 
reduced precision of effect estimates and limited our ability to detect statistical significance 
in some instances. In addition, we focused on select measures of physiologic health that 
have been shown to influence the immune system. Future studies may consider assessing 
additional biomarkers of the cardiovascular and metabolic systems not assessed in the 
present study, such as blood pressure, cholesterol, and glycosylated hemoglobin. Assessment 
of these biomarkers, as well as summary measures of biological risk that incorporate these 
biomarkers (e.g., allostatic load and Framingham Risk Score), may provide additional 
insights into the relation of these physiologic systems to thymic function and should be 
assessed in future studies.
Moreover, it should be noted that the laboratory methods we used to identify naïve T cells 
(i.e., thymic output) only provide an indirect measurement of thymic function in that the 
number of sjTREC is proportional but not equivalent to the degree of thymic output of naïve 
T cells (Douek et al. 1998, Douek et al. 2000, Gruver and Sempowski 2008). However, 
sjTREC remains one of the most accurate measures of thymic output currently available and 
quantification of sjTREC has been shown to be robust to sample storage time following 
cryopreservation (Zubakov et al. 2010). Indeed, sjTREC quantification is a vast 
improvement over prior methods based on immunophenotyping of CD45RA and co-
expression of CD62 ligand, which are uniquely expressed by naïve T cells before 
cryopreservation but also expressed by memory T cells following cryopreservation (Gruver 
and Sempowski 2008, Haynes et al. 1999). The more recently described sj/β-TREC ratio, 
which provides a direct measure of recent thymic emigrants, may overcome the limitations 
of previous indirect measurements and should be considered as a novel marker of thymic 
function in future population-based studies (Dion et al. 2004, Ferrando-Martinez, Ruiz-
Mateos, and Leal 2010). While the present paper has used the number of sjTRECs as an 
overall surrogate marker of thymic function, it is important to appreciate that thymic 
function is not restricted to T cell maturation. The decrease of thymic function as measured 
by sjTREC levels is strongly tied to thymic involution, hallmarks of which include not only 
the arrest of T cell development, but also the loss of thymic epithelial cells (TECs) and the 
substitutions of TECs and true thymic space for adipose tissue (Gruver and Sempowski 
2008). Thus, in addition to a reduction in the availability of naïve T cells over the life course, 
this involution process also affects the production of several peptides that also regulate 
immunity, as well as other physiologic systems that interact with the thymus in complex 
feedback loops, such as the thymus-hypothalamus/pituitary axis (Savino 2007, Savino, Arzt, 
and Dardenne 1999, Savino et al. 1998).
The thymus is a vital organ that is essential to maintaining the naïve T cell pool and 
mounting an effective immune response. As the immune system is a critical mediator for 
numerous, if not all health outcomes, understanding the distribution of thymic function at 
the population level may provide key insights into potential preventative or therapeutic 
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targets to improve population health for a range of health conditions. Indeed, accumulating 
evidence suggests that the thymus tissue is plastic and elucidating how the process of thymic 
involution may be reversed with therapeutic interventions is an active area of research 
(Lynch et al. 2009). While our study supports substantial age-related declines in thymic 
function in adults, there also appeared to be considerable heterogeneity in thymic function 
within age categories and by several potential risk factors. In addition, a growing body of 
literature has documented striking similarities between age-related immunological changes 
and those associated with exposure to psychosocial stress (Dhabhar 2014) and the thymus in 
particular has been shown to be sensitive to acute stress-induced atrophy in animal studies 
(Gruver and Sempowski 2008). Although the thymus is thought to recover following 
exposure to stressful events, the immune system is left vulnerable during these periods of 
reduced naïve T cell output, increasing susceptibility to foreign pathogens (Gruver and 
Sempowski 2008). Whether recurring or prolonged periods of stress-induced atrophy over 
the life course result in a cumulative health impact in the long-term remains unknown. More 
research is critically needed to understand the mechanisms that underlie declines in thymic 
function and why some individuals experience earlier declines than others.
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Figure 1. 
Mean Thymic Output (sjTREC per Million Whole Blood Cells) by Age (N=263), Detroit 
Neighborhood Health Study, 2008-2012.
*Error bars represent 95% confidence intervals.
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Figure 2. 
Mean Thymic Output (sjTREC per Million Whole Blood Cells) by Age and Gender 
(N=263), Detroit Neighborhood Health Study, 2008-2012.
*Error bars represent 95% confidence intervals.
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Table 1
Weighted Sample Characteristics (N=263), Detroit Neighborhood Health Study, 2008-2012.
Distribution
Age in years, median (IQR) 48 (38-62)
Gender, N (%)
  Female 130 (49)
  Male 133 (51)
Race/Ethnicity, N (%)
  Non-Hispanic Black/African American 232 (88)
  Other 31 (12)
Education, N (%)
  ≤High school 125 (48%)
  >High school 138 (52%)
Cigarette Smoking status, N (%)
  Never smoked 98 (37)
  Formerly smoked 79 (30)
  Currently smokes 86 (33)
Body Mass Index, N (%)
  <25 60 (23)
  25 to <30 86 (33)
  ≥30 111 (43)
Self-rated health, N (%)
  Excellent 33 (13)
  Very Good/Good 130 (50)
  Fair/Poor 99 (38)
C-reactive protein, N (%)
  <1 mg/L 110 (42)
  1 to 3 mg/L 56 (21)
  >3 mg/L 96 (37)
Interleukin-6, N (%)
  <1.5 pg/mL 68 (26)
  1.5-4.3 pg/mL 129 (49)
  >4.3 pg/mL 66 (25)
Abbreviations: IQR, interquartile range
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Table 2
Regression Coefficients (β) and 95% Confidence Intervals for the Associations Between Markers of 
Physiological Health and Thymic Output (log sjTREC per Million Whole Blood Cells), Detroit Neighborhood 
Health Study, 2008-2012.
β (95% Confidence Interval)
Model 1 Model 2 Model 3
Body mass index a
  <25 REF REF REF
  25 to <30 0.40 (0.12, 0.68) 0.38 (0.10, 0.66) 0.36 (0.07, 0.64)
  ≥30 0.45 (0.18, 0.71) 0.31 (0.02, 0.59) 0.27 (−0.03, 0.56)
P=0.0030 P=0.0263 P=0.0462
Self-rated health b
  Excellent REF REF REF
  Very good/Good −0.13 (−0.46, 0.21) −0.27 (−0.61, 0.07) −0.27 (−0.63, 0.09)
 Fair/Poor 0.04 (−0.32, 0.40) −0.11 (−0.48, 0.26) −0.12 (−0.54, 0.30)
P=0.3082 P=0.1762 P=0.1854
C-reactive protein c
  <1 REF REF REF
  1 to 3 −0.29 (−0.57, −0.01) −0.34 (−0.61, −0.06) −0.50 (−0.82, −0.18)
 >3 −0.07 (−0.30, 0.17) −0.20 (−0.44, 0.04) −0.29 (−0.59, 0.00)
P=0.1208 P=0.0424 P=0.0082
Interleukin-6 d
  <1.5 REF REF REF
  1.5-4.3 −0.03 (−0.28, 0.22) −0.29 (−0.56, −0.01) −0.60 (−0.92, −0.28)
  >4.3 0.03 (−0.26, 0.32) −0.24 (−0.56, 0.07) −0.43 (−0.77, −0.08)
P=0.8989 P=0.1288 P=0.0014
a
Model 1 is adjusted for age; Model 2 is additionally adjusted for gender and race; and Model 3 is additionally adjusted for education, and smoking 
status.
b
Model 1 is adjusted for age; Model 2 is additionally adjusted for gender and race; and Model 3 is additionally adjusted for education, smoking 
status, acute illness, and BMI.
c
Model 1 is adjusted for age; Model 2 is additionally adjusted for gender and race; and Model 3 is additionally adjusted for education, smoking 
status, acute illness, self-rated health, BMI, and IL-6.
d
Model 1 is adjusted for age; Model 2 is additionally adjusted for gender and race; and Model 3 is additionally adjusted for education, smoking 
status, acute illness, self-rated health, and BMI.
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